Hydrophobic interactions, believed to be important determinants of the stability of many protein structures, multisubunit protein complexes, and protein/ligand complexes, may be considered to be the result of two component interaction processes: the removal of nonpolar groups from water (hydration) and the packing of these groups within proteins or protein complexes. Early studies by Kauzmann (8) and Tanford (9) emphasized the similarities of protein unfolding and the transfer of nonpolar substances from water to nonpolar phases. More recently, striking correlations between the thermodynamics of protein folding and the aqueous dissolution of hydrophobic substances have been noted by Sturtevant (10), Baldwin (11), and Murphy et al. (12). Among the most intriguing of the observations are the linear relationships observed between (i) enthalpy and heat capacity changes and (ii) entropy and heat capacity changes, for solutes within a given class (gaseous, solid, or liquid hydrophobic compound or protein). Consideration of these relationships has led to differing theories regarding the contribution of hydrophobic interactions to the stabilization of protein structures (11, 13, 14). A key common feature of the theories is the dissection of the free energy of unfolding into its various contributions, with the heat capacity playing a central role in determining the free energy of hydrophobic
butions to the stability of protein/ligand complexes. Quantitative estimates of hydrophobic interactions, and an evaluation of their structural basis, are essential for obtaining structurebased predictions ofthe free energies of binding for the purpose of drug design. Two largely nonpolar, immunosuppressive agents, FK506 and rapamycin, each bind with high affnity to a common hydrophobic pocket on a small peptidylproline cis-trans isomerase known as FK506 binding protein and inhibit its activity. In an effort to elucidate the structural features of these ligands responsible for the observed energetics, we have undertaken an investigation of the thermodynamics of binding of FK506 and rapamycin to FKBP-12. Enthalpies of binding have been determined by high-precision titration calorimetry over a range of temperature, allowing estimates of heat capacity changes. By analyzing the distribution of changes in solvent-accessible surface area upon binding of FK506 to FKBP-12 from crystallographic data, it is found that 99% of the net surface buried upon binding involves nonpolar groups. This leads to a heat capacity change ofFK506 binding, normalized to the amount of nonpolar surface, of -0.40 ± 0.02 calK'1mol'1Aj2 (1 cal = 4.18 J), a value similar to that obtained for the aqueous dissolution of hydrophobic substances. Our observations are discussed in view of the general nature of hydrophobic interaction processes.
FK506 and rapamycin are potent immunosuppressive agents that appear to have great potential in preventing organ transplant rejection and also have some promise in treating various autoimmune disorders (1). Although the precise mode of their action is largely unknown, they have been shown to inhibit different biochemical signaling pathways of the immune network operating in T lymphocytes (2) . Curiously, however, they both bind with high affinity to a common, cytosolic protein (Mr 12,000) known as FK506 binding protein . Recently, the structures of FKBP-12 in solution (3) (4) (5) . The structural information reveals that FK506 and rapamycin bind in a shallow cavity lined with a large number of hydrophobic amino acid residues. A significant feature of the binding process, inferred from the structures, is that a large fraction of the nonpolar groups of the ligands and of the protein binding site are removed from contact with solvent and become buried in the interior of the protein/ligand complexes upon binding. This observation suggests that hydrophobic interactions may play a key role in determining the stability of these protein/ligand complexes.
Hydrophobic interactions, believed to be important determinants of the stability of many protein structures, multisubunit protein complexes, and protein/ligand complexes, may be considered to be the result of two component interaction processes: the removal of nonpolar groups from water (hydration) and the packing of these groups within proteins or protein complexes. Early studies by Kauzmann (8) and Tanford (9) emphasized the similarities of protein unfolding and the transfer of nonpolar substances from water to nonpolar phases. More recently, striking correlations between the thermodynamics of protein folding and the aqueous dissolution of hydrophobic substances have been noted by Sturtevant (10), Baldwin (11) , and Murphy et al. (12) . Among the most intriguing of the observations are the linear relationships observed between (i) enthalpy and heat capacity changes and (ii) entropy and heat capacity changes, for solutes within a given class (gaseous, solid, or liquid hydrophobic compound or protein). Consideration of these relationships has led to differing theories regarding the contribution of hydrophobic interactions to the stabilization of protein structures (11, 13, 14) . A key common feature of the theories is the dissection of the free energy of unfolding into its various contributions, with the heat capacity playing a central role in determining the free energy of hydrophobic
interaction.
An early analysis by Sturtevant (10) indicated that heat capacity changes for protein unfolding are determined largely by the exposure of nonpolar groups to water but that one must also consider contributions due to the changes in the numbers of easily excitable vibrational modes upon unfolding. The concept of solvent-accessible surface area introduced by Lee and Richards (15) provided an important structural parameter with which to describe the interaction of water with proteins. Recently, several reports have focused on the relationship between heat capacity changes and changes in solvent-accessible surface areas accompanying protein unfolding. Spolar et al. (16) and Livingstone et al. (17) analyzed the heat capacity changes for the unfolding of proteins for which high-resolution x-ray crystallographic information was available. Their analyses indicated that the heat capacity change for unfolding proteins is proportional to the difference in solvent-accessible nonpolar surface area between native and denatured states. Another investigation on the binding of various S peptides to S protein casts doubt on the generalization of the relationship between nonpolar surface and heat capacity (18, 19) .
To clarify the structural determinants for heat capacities and their relationship to the free energy of hydrophobic interaction, it is important to obtain high-precision measurements of heat capacity changes, in addition to other thermotTo whom reprint requests should be addressed.
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MATERIALS AND METHODS Materials. FKBP-12 used in these studies was isolated from bovine thymus by successive size fractionation and hydrophobic interaction chromatography. These methods require no thermal precipitation procedures to remove contaminating proteins. Details of the purification procedure will be presented elsewhere (J.A.T., M. J. Fitzgibbon, J. R. Black, and J. Boger, unpublished).
Titration Calorimetry. Enthalpies were determined by titrating 25-40 ,uM FK506 or rapamycin with 1-3 mM FKBP-12 in an Omega titration calorimeter (MicroCal, Northhampton, MA) (21). Rapamycin and FK506 solutions were made by addition of 5 Al of drug stock solutions in dimethyl sulfoxide to 3 ml of the appropriate buffer, followed by brief sonication. Owing to the tight binding affinities, and high concentrations of compounds in the reaction cell, the enthalpies could be determined from the average heats of multiple single injections. Injection volumes were 5 ,ul or 20 ,u1, and 4.5 min of equilibration time was allowed between each injection. Dilutions of protein into buffer, and buffer into solutions of the compounds, were performed at each temperature. The protein-drug titration heats were adjusted by these small contributions, which were on the order of the heats produced upon titrating buffer with buffer.
Surface Area Calculations. The solvent-accessible cavity surface areas of bovine FKBP-12, FK506, and the human FKBP-12/FK506 complex have been calculated with a C program written by Scott R. Presnell (University of California, San Diego) that uses the Lee and Richards algorithm (15) . A slice width of 0.01 A was adopted and all calculations were performed on a Silicon Graphics 480 computer. The atomic radii used were essentially those derived from the packing observed between nonhydrogen atoms in amino acid crystals (22) (Table 1) .
Heat Capacity Changes and Solvent-Accessible Surface Area. Edsall (23) was among those who first drew attention to the large changes in the constant pressure heat capacity that accompanied the interaction of nonpolar groups with water. The heat capacity changes for the aqueous dissolution of a number of nonpolar gaseous and liquid substances have since been shown to be proportional to their solvent-accessible surface areas (24, 25) . This observation has been taken to indicate that the heat capacity increment observed in these processes is determined entirely by the hydration of these substances, and suggested a possible origin of the large heat capacity changes observed in the unfolding of proteins. Using the heat capacity data compiled by Privalov and Gill (25) This conclusion is somewhat surprising since there are clearly other factors that could contribute to the heat capacity function. Changes in the number of easily excitable internal vibrational modes upon ligand binding are also thought to contribute to the heat capacity changes (10 Fig. 1 . The negative peaks in the spectrum correspond to residues that become buried upon binding. For example, His-87 interacts with the pyranose methyl group region of FK506, and Phe-46 is a highly conserved residue in the binding pocket. The largest negative peaks occur at residues Asp-37, Glu-54, Ile-56, and Tyr-82. These residues participate in four of the five hydrogen bonding interactions between drug and protein. The fifth residue that is involved in a hydrogen bond with FK506 (Gln-53) gives rise to a large positive peak in the difference surface area spectrum. However, this hydrogen bond, from the Gln-53 CO to the C-24 hydroxyl of FK506, is mediated by a water molecule. There are a number of polar amino acid residues, not in the FK506 binding site, that become exposed upon binding (Glu-5, Lys-34, Asn-43, Tyr-80, and Thr-80). This is intriguing in view of the recent report that the FK506/FKBP complex (and not uncomplexed FKBP or FK506) binds to calcineurin and inhibits its phosphatase activity, suggesting a possible step in the mechanism of FK-506's immunosuppressive effect (27) . Determination of whether these exposed residues play a role in the interaction of the FKBP/FK506 complex with calcineurin and/or other proteins that may be involved in immunosuppression awaits further investigation.
The FKBP-12/rapamycin complex contains a high degree of structural similarity to the FKBP-12/FK506 complex. Two important differences in the heat capacity changes for the two reactions are evident from the data in Table 1 . First, a larger heat capacity reduction is observed for rapamycin binding than for FK506 binding. Second, the heat capacity for Considering the accessible surface of FK506 to be an average of the values for cis and trans structures, and subtracting the area changes due to the three amino acids that differ between bovine and human FKBP-12 (43 A2 nonpolar and -14 A2 polar), leads to the following changes in accessible surface area on binding: AAp = 7 A2 and AAnp = -650 A2. The plotted area is the total change: AA = AAnp + AAp. rapamycin binding assumes a different value depending on the pH at which data were collected. Exploration of these effects awaits an analysis of the recently solved rapamycin/ FKBP-12 structure (7)A Thermodynamics of Hydrophobic Interaction. It is important to emphasize that hydrophobic interactions in the binding of FK-506 or rapamycin to FKBP-12 involve (i) the removal of nonpolar groups from water (dehydration) and (ii) the packing of the nonpolar groups in the complex. As stated above, the observed heat capacity changes for the transfer of nonpolar groups from water to their pure phases (solid, liquid, or gases), or into protein interiors, primarily reflect the desolvation step. The correlation of heat capacity of FK506 binding with the amount of buried nonpolar surface supports the notion that the heat capacity reflects only solvation changes. Applying the above model of the heat capacity change for FK-506 binding, embodied by Eq. 1, does not commit one to using either solid or liquid hydrophobic substances as a reference state, when modeling hydrophobic interactions as measured by the other thermodynamic functions. Free energies, enthalpies, and entropies of hydrophobic interaction may contain significant contributions due to packing. Arguments have been proposed for using data on the dissolution of solid or liquid hydrophobic substances in developing models for the thermodynamics of hydrophobic effects in the folding of proteins. It remains controversial as to which model is more appropriate.
The free energy change for a binding process is given by the difference between enthalpic and entropic terms as usual, AGO = AH -TAS0. In the case that the heat capacity is a constant, the enthalpy and entropy changes can be written as linear functions of the heat capacity change as follows, AH = AH* + ACp(T -T*a) [21 ASO = AS* + ACpln(T/Tt), [3] where AH* is the enthalpy change evaluated at an arbitrary reference temperature T*a, and AS* is the entropy change evaluated at a different (in general) arbitrary reference temperature 7t,. This allows one to express the free energy in terms of the heat capacity as AGO = AH* -TAS* + ACp[(T -T*) -nn(T/7t)]. [4] Free energy changes for the binding of FK506 and rapamycin may be evaluated from the values for their enzymatic inhibition constants: AG0 = -12.3 kcal'mol1 for FK506 and AG0 = -12.7 kcal mol-1 for rapamycin at 250C (20) . These free energy values, taken together with the enthalpy values reported in Table 1 at 250C (pH 7), allow for the calculation of the entropies of binding: -7.7 cal'K-1'mol' and -11.7 cal K-1lmol1 for FK506 and rapamycin, respectively.
Linear relationships between the entropy and the heat capacity changes for protein unfolding and the dissolution of hydrophobic substances have been recently discussed (11) (12) (13) (14) . A particularly searching analysis of these relationships has been given by Lee (14) . Curiously, for all of these processes, plots of the entropy changes versus heat capacity changes at 250C give nearly identical slopes (12) . The values of the slopes for protein unfolding, and for the dissolution of liquid, gaseous, and solid model compounds, are -0.25, -0.24, -0.28, and -0.23, respectively (12) . From Eq. 3 the slopes of such plots may be identified with the term ln[T/7t], with Tt, 385 K. This is the same temperature at which the entropy of transfer of nonpolar liquids to water vanishes and has led to an expression for the entropy of hydration of nonpolar groups in proteins: AShydration = ACp, nonpolarln[T/ 385] (19, 25) . For FK506 binding, if one assumes that the hydration entropy accounts for the temperature-dependent component in Eq. 3, then with ASO = -7.7 calK-1 mol1 and ACp = -260 cal K-1mol-' (measured for FKS06 binding), we calculate AS* = -74 cal'K-l mol-1. A large part of AS* can be accounted for by the total loss of entropy due to changes in translation and overall rotations that accompany the association of a binary complex. This has been estimated to be approximately -50 cal'K-1mol-1 (28, 29) .
The enthalpy changes for the binding of FK506 to FKBP may be considered to arise from hydrophobic interactions and hydrogen bond interactions, AH = AHhydrophobic + AHH bond. For the present discussion, interactions of nonpolar groups and hydrogen bonding groups, with the solvent and within the protein/ligand complexes, are included in these terms. A model introduced by Baldwin (11) The quantitative nature of hydrophobic interaction energetics in processes involving proteins is currently a matter of some controversy. However, it has been widely recognized that the one thermodynamic quantity associated with their presence in a reaction process is the heat capacity change. The existence of high-resolution structural information on uncomplexed and complexed FKBP-12 and its ligands and the availability of high-precision calorimetric instrumentation for the determination of enthalpies and heat capacities have allowed us to explore the structural determinants ofheat capacity changes in the binding reactions of FKBP-12. In particular, for FK506 binding, the heat capacity change is accounted for by the change in nonpolar surface exposure. Analysis of the other thermodynamic functions for the binding process suggest that (i) hydrogen bonds rather than hydrophobic interactions provide enthalpic stabilization to the complexes at 250C and (ii) the entropy gain due to the removal of water from nonpolar surfaces, upon binding of FK506 to FKBP-12, provides an important source of binding energy opposing the loss of translational and rotational entropy. 
